Using a grating spectrometer having a KBr foreprism the spectrum of methyl alcohol vapor was studied in the region from 2.S to 26,... This molecule has bands at 3683, 2978, 2845, 2054, 1477, 1455, 1340, 1034 .18 cm-l and a very broad band extending from 860 to beyond 380 cm-l , These bands are typical perpendicular and parallel bands and indicate that the molecule is only slightly asymmetric.
From the fine structure of the 1034.18 cm-l parallel band and from certain assumptions about the structure of the molecule the two largest moments of inertia, A and E, were found to be 35.18 and 33.83 X 10-'0 g cm 2 , respectively. It was not possible to measure C directly but it was estimated to be approximately 6.8 X 10-40 g cm 2 • The low frequency band is probably due to the vibration of the hydroxyl hydrogen atom perpendicular to the O-H I NTRODUCT ION A STUDY of the infra-red absorption spectrum of methyl alcohol has been made by Bartholome and Sachsse 1 . using a prism spectrometer. Earlier studies have also been made by Titeica 2 and Lecomte." In addition, the Raman spectrum of methyl alcohol has been well established by the work of a number of investigators.4 These studies were of value in establishing the positions of the bands but they were unable to give information about their character. Moreover, due to the absorption of the rocksalt prisms used in the infra-red investigations it was not possible to work with wave-lengths longer than 16"L.
In the present work the absorption spectrum was studied under high dispersion using the grating spectrometer designed by Hardy." With this instrument it was possible to resolve lines having a separation of less than 1 cm-1 over most bond and perpendicular to the figure axis of the molecule. The presence of this band indicates that the hydroxyl group is not free to rotate, at least in the ground state.
There is evidence of rotation in the structure of the band near the high frequency edge. The spacing increases toward high frequencies and finally there is a group of lines having a spacing of about 40 cm-l between 600 and 860 cm-l . Since these lines are very weak and occur at such high frequencies it appears that free rotation exists only in states of high excitation. A quantitative study of free rotation in a symmetric molecule has been made. This investigation indicates that in a first approximation free rotation should give rise to groups of lines having a spacing of about 40 cm-l between each group. of the range. By using a KBr foreprism it was possible to extend the spectral region to 26M. This extension of the spectral region and the ability to resolve the fine structure of the bands made it possible to assign the frequencies more accurately and to gain further information about the structure of the molecule. The form of the methyl alcohol molecule is known from sterochemical evidence and from infra-red data on other similar molecules. The carbon atom lies within a tetrahedron formed by hydrogen atoms at three of its corners and by the hydroxyl group at the fourth. The hydroxyl hydrogen atom stands out at an angle, somewhat greater than a right angle, from the C -0 line.
Such a molecule should possess twelve fundamental frequencies. Since the molecule is very nearly symmetrical, however, it turns out that only nine of the frequencies are distinct, three being double perpendicular frequencies. Of these nine, six correspond to the frequencies found for the methyl halides. Following Dennison's notation,6 the first six frequencies are assigned to those modes of vibration which also occur in the methyl halides. V7. Vg and V9 are assigned to the frequencies associated with vibrations within the hydroxyl group.
EXPERIMENTAL RESULTS
The positions of the bands, the approximate amounts of gas required, the gratings used and the slit widths are given in Table I 630-380 9 { 1200 0.5 360 (2nd order) 0.5 absorption cell with KBr windows was used for all the bands except for the region between 860 and 650 em-I. Here it was necessary to use a meter cell to obtain sufficient absorption. It was impossible, however, to measure the pressure of the gas in the long cell since it could not be evacuated.
VI and V2 are very intense bands which have their centers at 2845 and 2978 em-I, respectively, Fig. 1 . These two frequencies are associated with the vibrations of the three hydrogen atoms in the methyl group, VI being a parallel vibration and V2 a double perpendicular vibration. Although the amplifier was used at its limit of sensitivity and the slits were made as narrow as possible it was impossible to resolve the fine structure of either of these bands. Va and V4 are also associated with vibrations within the methyl group. Va is a parallel band having its zero branch at 1455 em-I. V4 is another double perpendicular band which has its center at 1477 em-I, Fig. 2 . These two bands fall in a region where the atmospheric absorption due to water vapor is very intense. For this reason it was very difficult to resolve the fine structure of the bands except for a few lines near the center of the perpendicular band. These lines have the frequencies: 1463.2, 1471.7, 1479.9 em-I. It was impossible to obtain the fine structure of the parallel band even with a finer grating and narrower slits.
These four methyl frequencies found in methyl alcohol are in good agreement with those found in the methyl halides and are almost identical with the frequencies of methyl fluoride.
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In the spectra of the methyl halides, however, another parallel band is usually observed between VI and V2, which has been interpreted as the overtone of V 4. 8 This frequency was not observed in the spectrum of methyl alcohol although the region was examined carefully with different amounts of gas. The perpendicular band is not symmetrical, however, and it may be that there is a faint band on the low frequency side of it.
The double perpendicular band V6 consists of the vibration between the methyl and hydroxyl 7 W. H. Bennett and C. F. Meyer, Phys. Rev. 32 888 (1928) . ' 8 A. Adel and E. F. Barker,]. Chern. Phys. 2, 627 (1934) . groups and lies at 1340 cm-l , Fig. 2 . One might expect the two frequencies in this band to be separated, as was the case in the corresponding perpendicular band of formaldehyde, studied by Nielsen. 9 Such a splitting is not immediately apparent from the structure of the band. There is, however, considerable atmospheric absorption out to 1350 cm-1 which introduces uncertainties in the positions and intensities of the fine structure lines. The band does appear to be considerably broader than most of the other perpendicular bands of this molecule, thus indicating the possibility of a double frequency. Although the background is fairly clear beyond 1350 cm-1 the band does not show much structure except near the center and far out on the low frequency edge. The central lines have the frequencies: 1321.3, 1331.8, 1348.4, 1359.5 cm-l , The parallel vibration 115 between the methyl and hydroxyl groups gives rise to a very intense band at 1034.18 cm-I , Fig. 3 . The fine structure in this band is well resolved in both branches and fits the quadratic equation:
where m is the number of the line counting from the center. The calculated and observed frequencies are given in Table II . Most of the calculated values fit the observed frequencies within 0.05 cm-l .
The overtone of 116 occurs as a weak parallel band at 2054 cm-I, Fig. 4 appearance of a perpendicular band with possibly a weak parallel component.
In the Raman spectrum of liquid methyl alcohol V7 was found at 3400 cm-I instead of at 3683 cm-I • This discrepancy is not an error in the results but is characteristic of the molecule when it passes from the liquid to the gaseous state. Errera and Mollet lO have plotted this band in the infra-red using liquid alcohol and found it at 3,u. When they diluted the alcohol with CCI 4 this band disappeared and a faint one was detected at 2.7,u. They conclude that the 3,u band is due to association and that the fundamental is at 2.7,u. The dilution of the alcohol breaks up the association of the molecules. This agrees well with the results of the present investigation since no band was found at 3,u using alcohol vapor.
Another hydroxyl frequency V9 consists of the motion of the hydrogen atom perpendicular to the 0 -H bond and nearly parallel to the figure axis of the molecule. This band was never found in the infra-red. The Raman spectrum gives this frequency at 1107 cml • In the molecule CHaOD this band also is affected by association.ll Its frequency is about 80 cm-l lower than the Raman spectrum predicts. If a similar shift takes place in ordinary methyl alcohol this band should I band does have irregularities in its fine structure which may be due to the presence of this other band. But the hydroxyl frequency is essentially parallel and one should expect to find a zero branch somewhere. Although the region was studied a number of times with different amounts of gas no zero branch could be found unless it coincides with the zero branch of Va' These two frequencies are of the same symmetry class, however, and one would expect a resonance interaction to separate them. I t is not possible to use much gas in this region before the absorption becomes complete. The hydroxyl frequency may be too weak to be detected here.
Finally, there is a frequency Vs in which the hydrogen atom moves perpendicular to the 0 -H bond and perpendicular to the axis of the molecule. If there were no restoring force this motion would result in the free rotation of the hydroxyl group about the axis of the molecule. The absorption band between 16 and 26,u indicates, however, that the hydroxyl group is not entirely free, Fig. 6 . At 26,u the absorption of the KBr foreprism made it impossible to work at longer wave-lengths although the band probably con- tinues for some distance. There are a number of water lines in this region. These become more numerous and more intense as one proceeds toward longer wave-lengths. The curve is drawn with broken lines where the atmospheric absorption makes the readings uncertain. Toward the high frequency edge of the band the spacing between the lines becomes greater and the lines fall off in intensity. Between 650 and 860 cm-1 is a group of very faint lines with a regular spacing of about 40 cm-1 which are probably a continuation of Vg, Fig. 7 . Although these lines could be observed with the 25 cm absorption cell, their structure was better defined when the meter cell was used. In the region between 700 and 630 cm-1 there is intense atmospheric absorption due to CO 2 • The line at 694.7 cm-1 was strong enough to stand out between the CO2 lines. I t appeared to be fairly broad but it was impossible to give its exact structure. In addition to the fines shown in Fig. 7 , there is a region of absorption near 650 cm-""l. This absorption, also, was broad but no part of it was strong enough to stand but between the CO 2 lines. The frequencies of the most important lines of Vs are listed in Table III .
DISCUSSION OF RESULTS
The energy of an asymmetric molecule has the form :12
where W is a parameter which makes the energy matrix diagonal and is not in general an integer.
When the values of Ware computed for the methyl alcohol molecule it turns out that only in the lowest states do they differ appreciably from squares of integers. This results in a displacement and splitting of the lowest levels but the effect is negligible for values of W greater than 4. This spli tting affects the structure of the perpendicular bands slightly but, except for a slight broadening of the lines, it is unimportant in the parallel bands.
12 H. H. Nielsen, Phys. Rev. 38, 1432 (1931 . 8-
From the fine structure of the 1034.18 cm-1 parallel band an average value of the two largest moments of inertia of the molecule could be obtained. From further assumptions about the internuclear distances, using infra-red data on the methyl halides l3 and the water molecule,14 it was possible to compute A and B with a fair degree of accuracy. A = 35.18 X 10-40 g cm 2 and B=33.83XlO-40 g cm 2 • The C-H and H-H distances in the methyl group were assumed to be l.11A and 1.81A, respectively. The 0 -H distance was taken to be 0.9558A as in water. In their experiments on electron diffraction Pauling and his co-workersl6 give 1.44±0.02A for the C-O distance in CH aONH 2 • Results from the moments of inertia of methyl alcohol indicate that the C-O distance in methyl alcohol is between 1.42 and 1.43A and the angle between the 0 -H and the C -0 bonds lies between 105° and 115°. These values cannot be known exactly until a more exact measurement of the least moment of inertia C is made. Although the preseBt observations do not yield C directly its value can be estimated from the dimensions of the molecule. In making computations on the free rotation of the two parts of the molecule it is also necessary to know the approximate values of the moments of inertia of the hydroxyl and 13 M. Johnston and D. M. Dennison, Phys. Rev. 48, 868 (1935 J. 57, 2693 (1935) . methyl groups separately about the figure axis of the molecule. For the hydroxyl group CI is between 1.3 and 1.4 X 10-40 g cm 2 ; for the methyl group C 2 =5.4XI0-40 g cm 2 • The moment of inertia C is equal to the sum of CI and C2 and lies between 6.7 and 6.8 g cm
•
The perpendicular band JIB is a single frequency and should be unaffected by the internal angular momentum which changes the spacing in the double perpendicular bands of symmetric molecules. A simple calculation shows that if the hydroxyl group were completely bound one should expect an ordinary perpendicular band having a spacing of approximately 6.5 cm-l . If, however, the hydroxyl group were a free rotator one should expect a series of rotation bands with a spacing of about 40 cm-l between each band. The low frequency band shows an irregular spacing which increases from about 10 cm-l to 30 cm-l in the region from 380 to 600 cm-l and finally has a spacing of about 40 cm-l between 600 and 860 cm-I . The increased spacing toward higher frequencies probably indicates that for higher energies the hydroxyl group is approaching rotation levels.
FREE ROTATION BANDS OF METHYL ALCOHOL
The problem of the torsion oscillator-rotator has already been treated by Nielsen. 16 For simplicity it will be assumed that the hydroxyl group can be approximated by a symmetrical top. Then the whole molecule can be represented by two symmetrical rotators having a common C axis. I t will be convenient to refer to the two systems with the subscripts 1 and 2. The positions of the two parts of the molecule with respect to a set of fixed axes is best described by 16 H. H. Nielsen, Phys. Rev. 40, 445 (1932 The other part leads to the differential equation:
-V(a)}M=O. da 2 h2C
Since the hydroxyl hydrogen atom has three positions of equilibrium between the hydrogen atoms of the methyl group the simplest potential function is: V = Vo (1-cos 3a) . This leads to the Mathieu equation. As was pointed out by Nielsen exact solutions for this equation are known only for every third state. The intermediate solutions can only be estimated. It is of interest to investigate the solutions for extreme values of the potential. If the barrier is indefinitely high there will be simple harmonic motion. This will give rise to an ordinary perpen-
dicular band with a spacing (h/47T 2 )(1/C-1/A).
If there is no barrier, however, there will be free rotation of the two parts of the molecule. Then the energy of the molecule may be written:
h2{J2+J-K2 A12 A22}
E=-
The eigenfunction has the form:
where F(8) is the hypergeometric function. The notation used here is somewhat different from that employed by Nielsen. Al and A2 are the azimuthal quantum numbers for the two parts of the top ,and may take on all integral values. K is the total azimuthal quantum number and
The selection rules are similar to those obtained for ordinary perpendicular bands. If the electric moment changes in the system denoted by the subscript 1: llJ=O, ±1, llK=±1, llAl=±1, llA2=O. If the electric moment changes in the other part of the molecule, then llAI = 0 and llA2 = ± 1. In the following discussion it will be assumed that the electric moment changes in the hydroxyl group, which will be assigned the subscript 1.
Using these selection rules the zero branches on the low frequency side of the center of the band have the frequencies: Low frequency side of the center
IJ-l/=::/K/.
Since J is never less than K certain of the fine structure lines will be missing. It is the same situation that arises in perpendicular bands of symmetric molecules and the band is constructed in the same way. On the low frequency side the first zero branch has the first rotation line on the low frequency side missing. The second zero branch has two lines missing on the low frequency side and one on the high frequency side. On the high frequency side the situation is just the reverse. A typical rotation band showing how the zero branches and fine structure lines go together is drawn in Fig. 8 . The asymmetry of the band will be explained later.
It is apparent from these equations and the diagram that the fine structure lines and the zero branches have the same spacing and in most cases a number of lines coincide. In computing the intensities it is necessary to find the sum of the intensities of all the lines falling at a particular place. It will be convenient to find the intensities of the zero branches and fine structure lines separately. The intensity formulae for perpendicular bands given by Dennison 6 may be adapted for use here. For the zero branches on the low frequency side of the center the intensity formula is:
2J(J+1)
where
A is a constant which depends upon the popula- In the approximation needed here it is convenient to change the sum into an integral:
The integral which occurs here is the logarithmic integral for which tables have been computed. A similar expression is obtained for the zero branches on the high frequency side:
The intensities of the fine structure lines can· best be treated in two parts. First consider the fine structure associated with zero branches on the opposite side of the center of the band, and then consider the fine structure associated with zero branches on the same side of the center.
In either case it is necessary to sum over all rotation lines of that class falling on the Kth zero branch.
Consider all rotation lines on the high frequency side of the band having zero branches on the low frequency side, which fall on the Kth zero branch on the high frequency side. The Kth zero branch has the frequency:
where K -1 = -(hl+h2)' The fine structure line associated with the K'th zero branch on the low frequency side has the frequency:
where K' =}'l+A2' and [J[=:::[K' [. It is clear that this fine structure line coincides with the Kth zero branch if K'=J-K+1 and A2'=J-K + 1-AI. Each fine structure line has the !J1-tensity:
The intensity of all the fine structure lines falling on the Kth zero branch may be found by summing this expression over J, from J =K to infinity. It will be more convenient, however, to use the integral form, where 4/3 has been written for the average value of [x] .
The first term may be integrated at once and the other two may be written in a simpler form:
The second integral is the probability integral for which tables have been computed. The third may be evaluated numerically.
Exactly the same expression may be obtained for the intensities of the fine structure Jines on the low frequency side which are associated with zero branches on the high frequency side. Here, however,
In some cases a is negative and greater than K. Here the integral does not well approximate the sum. It is then more convenient to sum the first few terms until J?::.a. The integral form may be used for the remaining terms.
N ow consider all the fine structure lines on the low frequency side associated with zero branches also on the low frequency side. The intensity of one of these lines which is associated with the K'th zero branch is:
A fine structure line associated with the K'th 
The same sum is obtained for the .intensities of the fine structure lines on the high frequency side of the band which are associated with zero branches also on the high frequency side. In this case, however,
Since it is only in states of high excitation that the hydroxyl group approaches free rotation the intensities of some of the lines in the band where XI = 6 are computed in Table IV . This band is drawn in Fig. 8 . The quantum number K changes from K -1 to K for the lines on the low frequency side of the center of the band and from K to K -1 for the lines on the high frequency side. In each rotation band there are two particularly strong zero branch lines having the quantum number X 2 =0 and -3. In the first rotation band where Xl = 1 these strong lines would occur at the center of the band and the fine structure lines would be distributed evenly on both sides. In each successive band, however, these strong lines are displaced farther from the center toward lower frequencies by an amount h/(47r 2 A). In high rotation states this displacement brings most of the important zero branches on the low frequency side of the center. Thus the important contributions from the fine structure in the high rotation bands is that associated with zero branches on the low frequency side. These fine structure lines always begin at a distance h/(87r 2 A) from the center of the band on the high frequency side but they build up more slowly on the low frequency side. For this reason the bands have an unsymmetrical appearance and are very intense on the high frequency side since so many fine structure lines coincide here. This effect is enhanced in each successive band as XI increases.
These bands do not compare very well with the structure of the lines in Fig. 7 . These are not single lines, however. It may be that, when interactions between the two parts of the molecule are considered, the rotation bands will have quite a different form.
The results of the present investigation are highly suggestive from a qualitative point of view. It has been shown that, if the motion of the hydroxyl group were entirely free, one shouldexpect a series of rotation bands with a separation of about 40 cm-1 between each band. This is clearly not the case here. The very fact of the existence of a low frequency band shows that the levels must in some measure possess a vibrationlike character. This indicates that the hydroxyl atom is confined within a threefold potential barrier produced by the three hydrogen atoms of the methyl group. If this barrier were very high the particle would vibrate in one of its positions of equilibrium and give rise to a typical perpendicular band. This band would not be affected by vibration-rotation interaction and should have a spacing of about 6.5 cm-I • The spacing in the low frequency band is between these two extremes. At the low frequency edge of the band the spacing approaches the bound case but near the high frequency edge the distance between the lines indicates that the hydroxyl atom is nearly free.
While the evidence is not at all conclusive, it suggests that the height of the barrier might be estimated by correlating it with that part of the band where the distance between the lines begins to approach the spacing expected on the basis of free rotation. This would appear to correspond to a quantum number of the order of magnitude of 5 in the energy of the free hydroxyl rotator. This estimate of the barrier is accordingly between 400 and 600 cm-l . A study of the far infra-red would be helpful in fixing this value.
It is beyond the scope of the present paper to discuss the transition between vibrational and rotational states. Since the potential function of the alcohol molecule is intermediate between the two extremes discussed here, it is clear that both the rotational and vibrational states are complicated by the presence of the three minimum potential barrier.
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The Infra-Red Absorption Spectra of CHaOD and CH 2 DOD The infra-red absorption spectra of CHaOD and CH 2 DOD between 2.SJL and 24JL have been examined with a KBr prism spectrometer, and with appropriate gratings. The observed bands !'epresent all of the fundamental vibrations except the one of lowest frequency which is associated with torsional vibrations about the C-O bond. Since these molecules depart only slightly from axial symmetry, the bands, with the exception of three due to the hydroxyl radical, correspond in position and appearance to those of the methyl halides. The rotational structure for the lOJL band (V5) of CHaOD has been resolved, and partial resolution is obtained in some other bands. The band V5 in T HE Raman spectra of ordinary methyl alcohol in the liquid phase, and of two methyl alcohols containing deuterium, have recently been described by Halford, Anderson and Kissin. l While the particular modes of vibration to be associated with each observed frequency may be decided almost by inspection, it is only through measurements in the infra-red that the character of the motions is revealed. Moreover the true molecular frequencies must be observed for the gaseous state. A comparison of infra-red data for the gases with Raman data for the liquids yields information of interest particularly in connection with the problem of association.
The molecule of methyl alcohol departs slightly from axial symmetry, since the line 1 Halford, Anderson and Kissin, J. Chern. Phys. 5, 927 (1937) . See also Mizushima, Morino and Okamoto, Bull. Chern. Soc. Japan 11, 698 (1936) . CH 2DOD has two components arising probably from two forms of the molecule in which the hydroxyl D atom occupies different valleys of the threefold potential. The deformation vibration (V7) is single for CHaOD but has four components in CH 2DOD, indicating a separation of levels which for the former molecule are degenerate. A comparison of the frequencies obtained with gaseous and liquid samples indicates large displacements of the bands arising from the hydroxyl valence and deformation vibrations, the former toward greater wave-lengths in the liquid, and the latter toward smaller wave-lengths. connecting the atoms 0 and H is nearly perpendicular to that connecting C and O. The minimum moment of inertia corresponds to an axis which is very nearly parallel to the C-O tine, and which, for convenience, may be referred to as the symmetry axis. The relatively large electric moment may be attributed principally to the hydroxyl group. Twelve fundamental vibrations are to be expected, some of which occur in pairs, corresponding to two dimensional oscillators with nearly equal frequencies in the plane determined by the atoms C, 0 and H, and normal to it. Six of these are associated primarily with the methyl radical, three with the C-O bond, and three with the hydroxyl group, the first nine being conveniently designated as in the methyl halides.
